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ABSTRACT 

Optimal design paramete rs are developed and two working models 
are assembled to demonstrate the feasibility of transmitting fission-gas 
p re s su res generated in LMFBR-type fuel pins via a miniature, NaK-filled 
bellows-capil lary tube to a strain-gauge transducer located outside the 
core environment. The key problem is obtaining a voidless fill. 

Both models were readily assembled, using commercially available 
components. The first model featured a 5/8-in.-OD stainless steel bellows 
welded to a l /S- in . -OD, l / l 6 - in . - ID stainless steel capillary tube, 24 ft long, 
which, in turn, was welded to a strain-gauge transducer After filling with 
NaK, the t ransducer system was calibrated and then operated continuously 
for three months at 1200''F. During this period, the ' sensing" end of the 
bellows was exposed to 120 p re s su re cycles (0-100 psig) without malfunction. 
Comparison of t ransducer outputs with precision-gauge readouts on the 
pressur iz ing chamber indicated a system accuracy of ±1/3% and a time 
response of 1 sec . 

* 
The second inodel was an attempt toward the ideal system. For 

immediate purposes, a nickel bellows of l /S- in . OD was procured and s imi
larly interconnected with a 0.020-in.-ID stainless steel capillary tube. 
Several cleaning and filling procedures were required before the slightest 
compression of the bellows resulted in essentially full deflection of the 
transducer diaphragm, indicative of a voidless fill Bellows failure due to 
nickel embrit t lement precluded systenn calibration. 

It is concluded that, with improvements in filling techniques, a 
commercial ly available stainless steel bellows of 0.220-in. OD coupled to 
a capillary tube of 0.012-in ID would satisfy cr i te r ia established for LMFBR 
fission-gas p r e s s u r e sensors 

I. INTRODUCTION 

Development of competitive Liquid Metal Fast Breeder Reactor 
(LMFBR) centra l -s ta t ion power plants depends upon the availability of clad
ding fuel elements that can be operated at the highest specific power level 



with sa fe ty and wi thout s h o r t e n i n g of s e r v i c e l i f e t i m e . In the i n t e r e s t s of 
e c o n o m i c s , t h e s e e l e m e n t s should have the l o w e s t c l add ing m e t a l - t o - f u e l 
r a t i o c o n s i s t e n t wi th ef fec t ive ly i s o l a t i n g the fuel and a t t e n d a n t f i s s i o n 
p r o d u c t s f r o m the r e a c t o r coo l an t . A v a i l a b i l i t y of such fuel e l e m e n t s , in 
t u r n , depends upon the d e v e l o p m e n t of m - c o r e i n s t r u m e n t s tha t wi l l p r o v i d e 
da t a n e e d e d to r e s o l v e d e s i g n p r o b l e m s tha t affect t h e i r b e h a v i o r and s e r v i c e 
l i f e t i m e . 

One p a r t i c u l a r l y p r e s s i n g p r o b l e m faced by L M F B R f u e l - e l e m e n t 
d e s i g n e r s , and one for wh ich insuf f ic ien t da ta ex i s t , i s to d e t e r m i n e the 
r e l a t i o n s h i p be tween fuel b u r n u p , g e n e r a t i o n of f i s s i on g a s e s , and fue l -
swe l l ing b e h a v i o r . The t a r g e t b u r n u p of L M F B R fuels (100,000 M W d / T ) 
wi l l r e s u l t in s ign i f i can t g e n e r a t i o n of f i s s i o n g a s e s , a t o m s of wh ich m i g r a t e 
t h r o u g h the fuel and co l l e c t in the fuel e l e m e n t u n d e r v e r y h igh p r e s s u r e . It 
i s e s t i m a t e d tha t p r e s s u r e s up to 1000 p s i m a y be r e a c h e d - If the fuel e l e 
m e n t is to r e t a i n i t s i n t e g r i t y , the c ladd ing m u s t r e t a i n the fuel wi thout 
exceed ing the c ladding s t r e n g t h a n d / o r duc t i l i ty l i m i t . Thus i t i s h ighly 
d e s i r a b l e to have the capab i l i t y of con t inuous ly m o n i t o r i n g i n t e r n a l p r e s 
s u r e s of cand ida t e fuel e l e m e n t s du r ing e x p e r i m e n t a l i r r a d i a t i o n in f ac i l i t i e s 
d e s i g n e d to s i m u l a t e the an t i c i pa t ed L M F B R o p e r a t i n g e n v i r o n m e n t s - - e . g . , 
the F a s t F l u x T e s t F a c i l i t y ( F F T F ) o r the E x p e r i m e n t a l B r e e d e r R e a c t o r - I I 
(EBR-I I ) . 

I n t e r e s t in the deve lopmen t of r e l i a b l e f u e l - p r e s s u r e s e n s o r s is not 
l i m i t e d to t h e s e e x p e r i m e n t a l i r r a d i a t i o n s . With suff ic ient knowledge of the 
p r e s s u r e - b u i l d u p p h e n o m e n a in cand ida t e fuel e l e m e n t s , e x t r a p o l a t i o n to 
L M F B R c o r e e n v i r o n m e n t s m a y be suff ic ient . Ho"wever, if not too difficult 
and expens ive , i n s t a l l a t i o n of s i m i l a r s e n s o r s on fuel e l e m e n t s in the 
L M F B R s a l so m a y yie ld i n fo rma t ion v i ta l to p l an t sa fe ty , at l e a s t in the 
e a r l y s t a g e s of o p e r a t i o n . F o r e x a m p l e , f i s s i o n - g a s p r e s s u r e m i g h t be a 
good i nd i ca to r of l eak ing fuel c ladding , the f i r s t and f a s t e s t i n d i c a t i o n of 
fuel f a i l u r e , and p o s s i b l y a m e a n s of i n f e r r i n g fuel m e l t i n g . 

A c c o r d i n g l y , c o n s i d e r a b l e effort is be ing expended at A r g o n n e : (1) to 
eva lua te c o m m e r c i a l l y suppl ied , m i n i a t u r e p r e s s u r e - t r a n s d u c e r s y s t e m s , or 
p a r t s thereof , which have po ten t i a l app l i ca t ion for m o n i t o r i n g f i s s i o n - g a s 
p r e s s u r e s in L M F B R - t y p e fuel e l e m e n t s ; and (2) to modify , i m p r o v e , deve lop , 
a s s e m b l e , and conduct o u t - o f - p i l e t e s t s on i n t e g r a t e d s y s t e m s to the po in t 
w h e r e p r o o f - o f - p r i n c i p l e has been s u c c e s s f u l l y d e m o n s t r a t e d . T h e r e a f t e r , 
i n d u s t r i a l p a r t i c i p a t i o n wil l be c o n t r a c t e d to supply p r o t o t y p e s y s t e m s for 
c o m p r e h e n s i v e eva lua t ion in the F F T F o r the E B R - l I . 

Spec i f ica l ly sought a r e p r e s s u r e s e n s o r s tha t m e e t the fo l lowing 
c r i t e r i a : 



E n v i r o n m e n t a l Cond i t ions 

R e a c t o r coolan t 
Sod ium t e m p e r a t u r e 
F a s t - n e u t r o n flux 
I n t e g r a t e d f a s t - n e u t r o n flux 
G a m m a flux 

F u n c t i o n a l R e q u i r e m e n t s and C o n s t r a i n t s 

Range 
Drif t 
R e s p o n s e t i m e 
D i a m e t e r 

Sodium 
S1400°F 
l O " nv 
1 0 " nvt 
£ 1 0 ' R / h r 

0-1000 p s i 
< 0 . 1 % full s c a l e / w e e k 
< 1 sec 
0 .25-0 .625 in. 

Th i s r e p o r t d e s c r i b e s the des ign p a r a m e t e r s and r e s u l t s of out-of-
p i l e t e s t s on a p r e s s u r e - s e n s i n g s y s t e m that holds p r o m i s e in m e e t i n g t h e s e 
c r i t e r i a . 

II. P R I N C I P L E OF O P E R A T I O N AND DESIGN P A R A M E T E R S 

A. P r i n c i p l e of O p e r a t i o n 

The s y s t e m d e s i g n is b a s e d upon the c a p i l l a r y t u b e - d i a p h r a g m 
p r i n c i p l e of o p e r a t i o n , with one s igni f icant modi f i ca t ion . C o m m e r c i a l s y s 
t e m s b a s e d upon th is p r i n c i p l e u s e d i a p h r a g m s that a r e too l a r g e and do not 
have the s h o r t r e s p o n s e t i m e s r e q u i r e d for the p r o p o s e d app l i ca t i on . T h e r e 
f o r e , the modi f i ca t ion c o n s i s t s of us ing a m e t a l be l lows and a c a p i l l a r y tube , 
f i l led with an i n c o m p r e s s i b l e fluid. The d i a m e t e r of the be l lows can be l e s s 
than the ID of m o s t fuel c ladd ing , and the fluid can be NaK. 

CAPILLARY TUBE 

'FUEL CLADDING TRANSDUCER 

As shown in F i g . 1, the b e l 
lows and one end of the c a p i l l a r y 
tube a r e s e a l e d to an e x p e r i m e n t a l 
fuel e l e m e n t pos i t i oned in the r e a c t o r 
c o r e . The o t h e r end of the tube is 
s e a l e d to the d i a p h r a g m of a s t r a i n -
gauge p r e s s u r e t r a n s d u c e r l oca t ed 
ou t s ide the hos t i l e e n v i r o n m e n t . In 
o p e r a t i o n , the f i s s i o n - g a s p r e s s u r e 
i m p i n g e s upon the b e l l o w s . C o m 

p r e s s i o n of the be l lows f o r c e s the fluid a g a i n s t the d i a p h r a g m , which 
de f l ec t s a c c o r d i n g to the p r e s s u r e app l i ed . 

B. Des ign P a r a m e t e r s 

1. T r a n s d u c e r Volume Change 

The d i a p h r a g m de f l ec t s l i n e a r l y , and the vo lume of the s p h e r i c a l 
d i s p l a c e m e n t is given by 

Fig. 1. Schematic Assembly of Miniature 
Fission-gas Pressure-sensing System 
Using a Bellows-capillary tube 
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M l ° t + ĥ )- ( i : 

G e n e r a l l y , h i s a v e r y s m a l l n u m b e r ; t h e r e f o r e h^ c a n b e e l i m i n a t e d . T h u s , 

t h e v o l u n n e r e q u i r e d b y t h e b e l l o w s c o m p r e s s i o n t o y i e l d a p r e s s u r e r e a d i n g 

i s 

(2) 

2 . B e l l o w s C o m p r e s s i o n S t r o k e 

T h e v o l u m e s u p p l i e d b y t h e b e l l o w s a n d e q u a l t o E q . 2 i s 

g i v e n b y 

V = A ^ S ^ . 

T h u s t h e b e l l o w s c o m p r e s s i o n s t r o k e i s 

(3) 

3 . B e l l o w s S p r i n g R a t e 

(4) 

T h e s p r i n g r a t e of t h e b e l l o w s m u s t b e c o n s i d e r e d b e c a u s e i t 
w i l l r e s i s t c o m p r e s s i o n of t h e be l low^s . F o r e x a m p l e , i n F i g . 2 , 

H = 
PAK-FH 

-F , .Kk .S , 

-Fj=F> A| 

At\j 
F = F , + F 2 , 

P A , P l ^ b + K ^ ^ S ^ 

TRANSDUCER 

a n d 

Fig. 2. Force Balance Showing Effect of Bellows 
Spring Rate on System under Pressure P 

p K t h ^ KbpS^ 

On s o l v i n g fo r h in E q . 4 a n d s u b s t i t u t i n g i n E q . 8 , w e o b t a i n 

(5) 

(6) 

(7) 

(8) 

K t 2 A b S ^ Kb„Sc 
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which y i e l d s 

IK^A^/A\ + K b „ / A t 
(9) 

The t e r m Kj^n/Aij in Eq. 9 will affect be l lows d i s p l a c e m e n t and 
c a u s e the t r a n s d u c e r to s e n s e l e s s than the app l ied p r e s s u r e . Th i s is not 
a p r o b l e m , s i n c e the s y s t e m can be c a l i b r a t e d ; h o w e v e r , the va lue m u s t be 
kept low enough so tha t a s m u c h as p o s s i b l e of the t r a n s d u c e r def lec t ion is 
u s e d for s e n s i n g p u r p o s e s . F o r c o n s t a n t s y s t e m t e m p e r a t u r e , the d e n o m i 
n a t o r i s a c o n s t a n t . T h e r e f o r e 

-^-h 
and the ac tua l s y s t e m p r e s s u r e the t r a n s d u c e r will s e n s e is 

P , = P 
KboSc 

(10) 

( i i : 

4 . Void Effect 

If the s y s t e m is not fil led c o m p l e t e l y , f u r the r be l lows d i s p l a c e 
m e n t will be r e q u i r e d to o v e r c o m e the void effect . 

The void vo lume c h a n g e s a c c o r d i n g to 

= V P ^ • 
^ " P I T D ' 

(12) 

w h e r e po and pi a r e a b s o l u t e p r e s s u r e s . At cons t an t s y s t e m t e m p e r a t u r e , 
the t e m p e r a t u r e r a t i o is uni ty . 

The total c o m p r e s s i o n s t r o k e c a u s e d by ou t s ide p r e s s u r e and 
change in void vo lume is compu ted a s fo l lows: F r o m the fo rce b a l a n c e 

(F ig . 3), one can equa te 

^ S - c j - . . . . 

BELLOWS 

Fj.Kth 

^ ^ b -- AVbt+ AVb^. (13) 

which is the vo lume change of t r a n s 
d u c e r and void. 

TRANSDUCER 

T h e t o t a l s t r o k e of t h e b e l -
Fig. 3. Force Balance of System Containing Voids 

AV. 
^ . b v 

l o w s i s 

( 1 4 ) 
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where 

AVbv = V^„ - V^j. 

Substituting Eq. 12 for V^j in Eq. 15 gives 

AV. = V f 1 - M i ' ^bv vol̂  p^T, 

Therefore 

(15) 

(16) 

11 - ^ 
^b V Pi^o 

Next, substituting the absolute value of Pj given by Eq. 11 resul ts in 

S^ +• 
PoT] ' 

^ ' (P - Kb„Sc/Ab+ 15) To 

Finally, substituting P/C for S,- from Eq. 10 gives 

PoTi 

^^ = C + A^ {P(l -Kbo/CAb) + 15}To 

(17) 

(18) 

(19) 

A voidless fill gives a linear relationship of p r e s s u r e to bellows 
displacement. A system having voids will cause a deviation from this l ine
arity, as affected by the second te rm in Eq. 19. This deviation will not 
affect system operation since nonlinear curves can be used, provided they 
are reproducible. On the other hand, difficulties may be encountered if S^ 
becomes too large. For example, the coupling fluid p r e s s u r e is 

KboSi 
(20) 

If the second t e rm in Eq. 20 is equal to P, there will be no signal from the 
transducer. 

5. Temperature Effects on Spring Rate 

The bellows spring rate is dependent upon Young's modulus, E, 
of the mater ia l employed. Spring-rate book values are limited to room-
temperature conditions; however, moduli of elasticity are available for 
ferrous mater ia ls at temperatures up to 1400°F. Therefore, the c o r r e 
sponding spring rates can be determined simply by multiplying Kb by E I / E Q . 
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A c c o r d i n g l y , equa t i ons con ta in ing Kb can be c o r r e c t e d for 
t e m p e r a t u r e effects by r e p l a c i n g Kbo with Kb, , w h e r e 

^bi KboE, /Eo (21) 

6. E x p a n s i o n Effec ts without Voids 

As the s y s t e m t e m p e r a t u r e i n c r e a s e s , the coupl ing fluid expands 
a c c o r d i n g to the coeff ic ient of vo lume expans ion r a t e , and the be l lows a c 
c o r d i n g to the coef f ic ien t of l i n e a r expans ion r a t e for the m e t a l . T h e r e f o r e 
the vo lume c h a n g e s in the fluid and in the m e t a l expans ion a r e : 

AVf = VfPfAT (fluid) (22) 

a n d 

AV bi Vo[(l + l^mAT)^ - 1] (bel lows + p a r t of c a p i l l a r y ) . (23) 

w h e r e Vj = VQ if t h e r e a r e no vo ids . The d i f f e rence be tween AVf and AVb, 
wil l be the ne t vo lume change (AV^) in the be l lows and t r a n s d u c e r d i a p h r a g m 
to a c c o i n m o d a t e the fluid. Th i s will affect the p r e s s u r e P j of the fluid due 
to the s p r i n g r a t e s . 

F o r e x a m p l e , let K L r e p r e s e n t the s p r i n g r a t e for the be l lows 
t e m p e r a t u r e c o m p e n s a t i o n in a s y s t e m at Ti with an expans ion s t r o k e Sg, 

a s shown in F i g . 4. H e r e , the 

BELLOWS 

P,A,.F3 

F.- K,b 

"TN 

AV, 

TRANSDUCER 

^ 

Fig. 4. Force Balance of System at Temperature Tj. 
with an Expansion Stroke S .̂ and No Voids 

ne t change in fluid vo lume (AVf) 
c a u s e s the p r e s s u r e bui ldup and 
is 

AVf = AVb + AVf, (24) 

w h e r e 

AVb SeAb 

and 

AVt 

T h e r e f o r e , 

AVf 

A . h 

SeAb + (25) 

But, a s s t a t e d e a r l i e r , 

AV^ = AVf - AVb, . 
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Hence, on r e p l a c i n g AV£ and AVb, ' " ' 1 " ^ E q s . 22 and 23 , r e s p e c t i v e l y , and 
us ing VQ for the in i t ia l s y s t e m vo lume to be hea t ed , we obta in 

^Vl = Vo[(3fAT- (1 +/3jnAT)' + l ] (26) 

Fina l ly , on subs t i tu t ing Eq. 25 for AVf, r e p l a c i n g Sg and h wi th P i ( A b / K b i ) 
and P I ( A J / K J ) , r e s p e c t i v e l y , and solving for P j , we obta in 

^0-

|3fAT - (1 +Pm'^T)^ + 1 

A 'b /Kb, + A | / 2 K t 
(27) 

Examina t i on of Eq . 27 r e v e a l s that VQ and A b / K b , a r e the d e 
t e r m i n i n g p a r a m e t e r s for a high or low value of P j , and tha t a high value 
can be r e a d i l y ach ieved with a l a r g e hea t ed v o l u m e . In a s y s t e m d e s i g n , 
th is is the f i r s t p a r a m e t e r that should be e x a m i n e d in d e t a i l . 

7. Expans ion Effects with Voids 

If voids a r e p r e s e n t in the coupling fluid, the void vo lume m a y 
e i the r expand along with the fluid o r d e c r e a s e , depending upon the 
t e m p e r a t u r e - p r e s s u r e r e l a t i o n s h i p . 

The void volume change is given by Eq. 12, and the net vo lume 
change by 

AV^ = AVf - AVbi - '^Vbv. (28) 

w h e r e the f i r s t two r i g h t - h a n d t e r m s equal Eq. Z6. T h e r e f o r e , Eq . Z7 has 
an added t e r m ; the void vo lume effect. This equat ion can be w^ritten 

p , = 
V o [ P f A T - ( l + / 3 n , A T ) % l ] - V^^jl - p o T i / p i T p ) 

A b A b i + A | / 2 K t 
(29) 

Equat ion 29 is app l i cab le only if all the void vo lume " s e e s " the s y s t e m 
t e m p e r a t u r e . If such is not the c a s e , Vy^ or T, m u s t be p r o p o r t i o n e d to 
account for any t e m p e r a t u r e g r a d i e n t . 

8. Bel lows under P r e s s u r e at T e m p e r a t u r e wi thout Voids 

PAb'F-; 
Fg=Kb|{S-Se) 

q: 

7 
F3 = Kth2 _ 

Fig. 5. Force Balance of Voidless System, 
with Bellows in Compressed State 

As shown in F i g , 5, wi th the 
s y s t e m at t e m p e r a t u r e and wi th 
e x t e r n a l p r e s s u r e app l ied at the 
be l lows , the f o r c e f r o m the be l lows 
r e a c t i o n d e c r e a s e s f r o m the t e n s i o n 
condi t ion , i n c r e a s e s upon bellow^s 
c o m p r e s s i o n , and has an oppos i t e 
s ign; that i s , 
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Fz = Kb,(S-Se). 

Therefore, the force balance is 

PAb = PiAb + Kb,(S-Se). (30) 

The volume changes also have to balance; that is, 

\ihz-h) 
SeAb = 1 (31) 

and 

SgAb = V o [ P f A T - ( l + / 3 ^ A T ) ^ + l ] - A t h / 2 . (32) 

Hence , 

T A ^ / A - TJ A . / A 
P A b = P , A ^ + K b , ^ ^ - ^ ( h ^ - h ) l 2 [ P f A T - ( l + p ^ A T ) ' + l ] + ^ - ^ h I 

(33) 

On simplifying Eq. 33 and replacing hj with PIAJ /K^ , we get 

P + Vo(Kb, /A|,)[|3f AT - (1 + /3^AT)' + 1 ] 

1 + [(At/Ab)'(Kb,/Kiy'2] 
(34) 

When AT is zero, Eq. 34 is the same as Eq. 1 1 with Ŝ , replaced by Eq. 9. 
The temperature-effect portion of Eq. 29 is eqilal to Eq. 27. Therefore, 
Pl is increased by the amount due to the expansion effect, or Eq. 11 
plus Eq. 27. 

9. Bellows under Pressure at Temperature and with Voids in the 
System 

With the bellows under pressure at temperature and with voids 
in the system, the pressure (Pj) inside the bellows is equal to the sum of 
Eqs. 20 and 27, with Eq. 19 substituted for S^. Literally, this means that 
the inside pressure is equal to the outside pressure, plus or minus the void 
effect, plus the expansion effect. At low pressures, the void effect (because 
it has a positive value) compounds the expansion effect. As the pressure 
increases, the void effect becomes negative and has less influence on the 
expansion effect. 

file:///ihz-h
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III. PERFORMANCE CHARACTERISTICS 

Two, NaK-f i l l ed , b e l l o w s - c a p i l l a r y t r a n s d u c e r s y s t e m s - - o n e wi th 
a 5 / 8 - i n . - d i a m bel lows and the o t h e r wi th a l / 8 - i n . - d i a m b e l l o w s - - w e r e 
a s s e m b l e d for o u t - o f - p i l e t e s t s at t e m p e r a t u r e s up to 1200°F. C o m m e r c i a l l y -
ava i l ab le componen t s w e r e u s e d in each s y s t e m . T h i s s e c t i o n d e s c r i b e s the 
m o d e of a s s e i n b l y and the s u b s e q u e n t e x p e r i e n c e wi th e a c h s y s t e m . 

A. 5 / 8 - i n . - d i a m Bel lows S y s t e m 

Tab le I l i s t s the p e r t i n e n t d e s i g n da ta for th i s s y s t e m . 

T A B L E I. Des ign Data for 5 / 8 - i n . - d i a m Be l lows S y s t e m 

Be l lows^ 

Convolu t ions N e s t i n g - r i p p l e 
M a t e r i a l A M - 3 5 0 SS 
Ins ide d i a m e t e r 0.320 in. 
Outs ide d i a m e t e r 0.620 in . 
F r e e l eng th 1.0 in . 
Effect ive a r e a 0.173 in.^ 
Spr ing r a t e 1.825 l b / i n . 

P r e s s u r e T r a n s d u c e r 
Type CEC 4-317 s t r a i n gauge 
P r e s s u r e r a t i n g 0-300 p s i g (21.2 m V at 300 p s i g ) 
T e m p e r a t u r e r a t i ng 600°F 
Effect ive d i a p h r a g m d i a m e t e r 0.5 in. 
Deflect ion at r a t e d p r e s s u r e 0.0008 in. 

C a p i l l a r y Tube 
M a t e r i a l Type 304 SS 
Leng th 24 ft 
Ins ide d i a m e t e r 0.0625 in. 
Outs ide d i a m e t e r 0.125 in. 

P r o d u c t of Meta l Bel lows C o r p . , Sha ron , M a s s . 

1- S y s t e m A s s e m b l y and C a l i b r a t i o n 

With r e f e r e n c e to F i g . 6, the s e q u e n c e of s y s t e m a s s e m b l y and 
c a l i b r a t i o n for t e s t p u r p o s e s was as fo l lows; 

a. C lean the c a p i l l a r y tube and the be l lows wi th a c e t o n e ; 
p u r g e the e x c e s s with a r g o n . 

b . Weld the c a p i l l a r y tube to the b e l l o w s , the fill t ube , 
and the t r a n s d u c e r . 
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c . A t t a c h the d u a l - v a l v e d f i t t ing l ead ing f r o m the v a c u u m 
s o u r c e and NaK r e s e r v o i r to the fill tube a t the t r a n s d u c e r end. 

d. Open the va lve f r o m the v a c u u m s o u r c e ; hea t the s y s t e m 
to 200°F , and e v a c u a t e for 24 h r . (Note: The be l lows end was e v a c u a t e d 
to 1 / jHg.) Cool the s y s t e m to r o o m t e m p e r a t u r e . C l o s e the va lve f r o m 
the v a c u u m s o u r c e . 

e. Open the va lve f r o m the NaK r e s e r v o i r and the fill s y s t e m ; 
p r e s s u r i z e the r e s e r v o i r suff ic ient ly to c a u s e s l igh t longi tudina l expans ion 
of the b e l l o w s . 

f. P i n c h the fill tube ; c l o s e the va lve f r o m the NaK r e s e r v o i r ; 
s e v e r the NaK supply l ine ; c l e a n and s e a l - w e l d the p inched end of the fill 
t u b e . 

g. Connec t the t r a n s d u c e r input to a cons tan t 5-V dc supply , 
and the t r a n s d u c e r output to a p o t e n t i o m e t e r . C a l i b r a t e the s y s t e m at 
roonn t e m p e r a t u r e , u s ing a 0- to 1 50 -ps i p r e c i s i o n gauge g r a d u a t e d in 
l / 4 - p s i i n c r e m e n t s . The r e s u l t s a r e shown in F i g . 7. 

^TRANSDUCER 

^HOUSING 

Fig. 6. Schematic of Test Assembly of 
5/B-in.-diam Bellows System 
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113-2036 Rev. 1 

PRESSURE, psig 

Fig. 7. Calibration of 5/8-in.-diam Bellows 
System at Room Temperature 

T e s t P r o c e d u r e s and R e s u l t s 

In i t i a l l y , c o m p a r i s o n p lo t s w e r e m a d e of m e a s u r e d and c a l c u 
l a t e d va lue s of be l lows def lec t ion v e r s u s p r e s s u r e for the s y s t e m with and 
wi thout voids at r o o m t e m p e r a t u r e . M e a s u r e d va lues w e r e ob ta ined by: 
(1) app ly ing a s e r i e s of be l lows c o m p r e s s i o n s t r o k e s with a m i c r o m e t e r 
and p lo t t ing the c o r r e s p o n d i n g t r a n s d u c e r outputs (in mV) , and (2) u s i n g the 
c a l i b r a t i o n c u r v e to c o n v e r t t h e s e outputs into p s i g . A void vo lume of 
0 .01855 in . ' a t z e r o ps ig was c a l c u l a t e d us ing Eq. 19. 

As shown in F i g . 8, t h e r e i s exce l l en t a g r e e m e n t be tween 
m e a s u r e d and c a l c u l a t e d va lues a t s y s t e m p r e s s u r e s above 70 p s i g . The 



r e a s o n for d i s a g r e e m e n t a t l o w e r 
p r e s s u r e s is sub jec t to f u r t h e r i n v e s t i 
ga t ion . A c c o r d i n g to Eq . 19, the void 
effect should be m o r e s ign i f i can t at 
l o w e r p r e s s u r e s b e c a u s e it c h a n g e s 
at a f a s t e r r a t e . M e a s u r e m e n t of the 
fo rce to c a u s e be l lows de f l ec t ion m i g h t 
shed s o m e l ight on the r e a s o n for d i s 
a g r e e m e n t . H o w e v e r , s u c h m e a s u r e 
m e n t s w e r e not m a d e , in view of the 
e x c e l l e n t a g r e e m e n t at the h i g h e r 
p r e s s u r e s . 

Next , c l a m s h e l l h e a t e r s w e r e 
i n s t a l l e d a round the b e l l o w s , and s t r i p 
h e a t e r s w e r e w r a p p e d a r o u n d 8 ft of 
the adjoining c a p i l l a r y t u b e . The o b 
j ec t i ve h e r e was to d e t e r m i n e the effect 
of t e m p e r a t u r e on s y s t e m p e r f o r m a n c e . 
As ev idenced by F i g . 9, the p r e s s u r e 
buildup due to voids and NaK expans ion 
t a p e r s off at 1200°F. T h i s i s a t t r i b u t e d 
m a i n l y to the d e c r e a s e in m o d u l u s of 
e l a s t i c i t y of the be l lows m e t a l at t ha t 
t e m p e r a t u r e . (See F i g . 10.) The c a l 
cu la t ed c u r v e s w e r e ob ta ined u s i n g 
Eq . 29. The h e a t - a f f e c t e d void vo lume 

at 1200°F was d e t e r m i n e d by subs t i tu t ing the m e a s u r e d t r a n s d u c e r output 
a t that t e m p e r a t u r e , i . e . , 0.3 m V or 3.65 ps ig ; th is y ie lded a va lue of 
0.0105 in . ' or 56.5% of the to ta l void v o l u m e . In g e n e r a l , the c a l c u l a t e d 
and m e a s u r e d c u r v e s a r e in good a g r e e m e n t . 

113-2044 Rev. 1 
Fig. 8. Measured and Calculated Bellows 

Deflection, with and without Voids 

400 eoo 
TEMPERATURE,°F 

800 1200 
TEMPERATURE,°F 

113-2043 Rev. 1 113-2035 Rev. 1 

Fig. 9. Effect of Temperature on Zero Shift 
of 5/8-in.-diam Bellows System 

Fig. 10. Effect of Temperature on Modulus of 
Elasticity of AM-350 Stainless Steel 
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The s y s t e m w a s then o p e r a t e d con t inuous ly for t h r e e m o n t h s 
wi thou t f a i l u r e . Dur ing th i s p e r i o d , the be l lows was hea t ed to a c o n s t a n t 
va lue of 1200°F and, at spec i f i ed i n t e r v a l s , p r e s s u r e - c y c l e d f r o m z e r o 

to 100 p s i g . About 120 c y c l e s w e r e 
c o m p l e t e d du r ing the t e s t . 

E 10 

5 

-

-

-

-

-

-

1 1 1 1 I 

ZERO SHIFT - 0 3 mV 

1 . 1 1 

1 ' 

/ 

-

-

-

1 

PRESSURE.psig 

T r a n s d u c e r ou tputs w e r e 
r e c o r d e d on a 0- to 1 0 - m V Honeywel l 
r e c o r d e r having a s e n s i t i v i t y of 
±0.5 p s i g . Unfor tuna te ly , the c o n s t a n t -
vol tage supply was p r o n e to m i n o r 
f luc tua t ions . As a c o n s e q u e n c e , the 
s p r e a d in t r a n s d u c e r output was 8.00 
to 8.8 m V (97.2 to 106.8 p s i g ) . The 
a v e r a g e output for the t h r e e - m o n t h 
p e r i o d was 8.246 mV, which is equal 
to the c a l i b r a t i o n of 8.24 mV for 
100 p s i g . (See F i g . 11.) 

113-2038 Rev. 1 

Fig. 11. Calibration of 5/8-in.-diam 
Bellows System at 1200°F 

STRAIN - GAUGE 
PRESSURE TRANSDUCER 

BELLOWS SYSTEM' 
(SHIFTED 0.1 MCl 

The final t e s t was d e s i g n e d 
to m e a s u r e s y s t e m t i m e r e s p o n s e . 
Two t echn iques w e r e emp loyed . 

F i r s t , the be l lows end was connec ted to a c h a m b e r equipped with a s t r a i n -
gauge p r e s s u r e t r a n s d u c e r s i m i l a r to the one in s t a l l ed on the c a p i l l a r y tube . 
T h i s channber was suppl ied with 100-
p s i g gas c o n t r o l l e d by two m a n u a l l y 
o p e r a t e d bal l v a l v e s , one at the in le t 
and one a t the ou t le t of the c h a m b e r . 
Both t r a n s d u c e r s w e r e r e a d o u t on a 
Honeywel l " E l e c t r o n i k 19" two-pen 
r e c o r d e r . C h a r t speed was se t at 
1 i n . / s e c . 

In o p e r a t i o n , the c h a m b e r 
was p r e s s u r i z e d o r d e p r e s s u r i z e d by 
opening and c l o s i n g the a p p r o p r i a t e 
v a l v e s . F i g u r e 12 shows the t i m e r e 
s p o n s e of the s t r a i n - g a u g e p r e s s u r e 
t r a n s d u c e r and the be l lows s y s t e m upon 
be ing p r e s s u r i z e d and d e p r e s s u r i z e d . 

In the s e c o n d t echn ique , 
the t i m e r e s p o n s e was d e t e r m i n e d by 
e l e c t r i c a l l y connec t i ng both t r a n s 
d u c e r s to give the d i f f e r ence in m i l l i 
vo l t s and then c a l c u l a t i n g the d i f f e r ence 
in p r e s s u r e , u s ing the c o n v e r s i o n 
f a c t o r 0.025 p s i g / m V . 

=J 
PRESSURE, psig 

113-2039 Rev. 1 

Fig. 12. Time Response of Bellows System 
upon Pressurization of Chamber 
from Zero to 100 psig 
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F i g u r e 13 s h o w s t h e p r e s s u r e d i f f e r e n t i a l of t h e c a p i l l a r y s y s 

t e m g e n e r a t e d u p o n p r e s s u r i z i n g t h e c h a n n b e r . T h e p o s i t i v e s p i k e r e p r e 

s e n t s t h e p r e s s u r e d i f f e r e n t i a l i n o v e r c o m i n g t h e i n e r t i a of t h e d i a p h r a g m 

of t h e p r e s s u r e t r a n s d u c e r i n t h e c h a m b e r . 

I t i s a s s u m e d t h a t t h i s e f f e c t w a s n o t p r e s 

e n t a t t h e t i m e of m a x i m u m p r e s s u r e d i f 

f e r e n t i a l f o r t h e c a p i l l a r y s y s t e m . 

M a x i m u m p r e s s u r e l a g of t h e 

c a p i l l a r y s y s t e m 0 . 3 7 5 s e c a f t e r v a l v e 

o p e r a t i o n w a s - 1 . 1 5 p s i g . A t t h a t t i m e , 

t h e s y s t e m p r e s s u r e w a s 9 7 . 7 p s i g . T w o 

s e c o n d s a f t e r v a l v e o p e r a t i o n , t h e c h a n n b e r 

p r e s s u r e w a s 100 p s i g , a n d t h e c a p i l l a r y 

s y s t e m w a s i n d i c a t i n g - 0 . 2 1 p s i g d i f f e r 

e n t i a l o r 9 9 . 7 9 p s i g t o t a l . Z e r o d i f f e r e n t i a l 

w a s r e a c h e d in a b o u t 4 s e c , f o l l o w e d b y a 

+ 0 . 1 - p s i g o v e r p r e s s u r e . T h e l a t t e r p r o b 

a b l y w a s d u e t o i n e r t i a l e f f e c t s of t h e 

b e l l o w s . E i g h t e e n s e c o n d s e l a p s e d b e f o r e 

t h e s y s t e i n s t a b i l i z e d a t z e r o d i f f e r e n t i a l . 113-2040 Rev. 1 

Fig. 13. Pressure Differential of Bellows 
System upon Pressurization of 
Chamber from Zero to 100 psig F i g u r e 14 s h o w s t h e c o r r e s p o n d i n g 

p r e s s u r e d i f f e r e n t i a l of t h e c a p i l l a r y s y s 
t e m u p o n d e p r e s s u r i z i n g t h e c h a m b e r . I n e r t i a l e f f e c t s of t h e d i a p h r a g m of 
t h e p r e s s u r e t r a n s d u c e r i n t h e c h a m b e r a r e a g a i n e v i d e n t a n d , a g a i n , t h i s 
e f f e c t i s a s s u m e d n o t t o b e p r e s e n t a t t h e 
t i m e of m a x i m u m p r e s s u r e d i f f e r e n t i a l 
f o r t h e c a p i l l a r y s y s t e m . T h i s m a x i m u m 
0 . 3 s e c a f t e r v a l v e o p e n i n g w a s + 0 . 2 5 p s i g 
( c h a m b e r p r e s s u r e = 0 . 0 5 p s i g ) ; t h e p r e s 
s u r e d i f f e r e n t i a l t h e n d e c r e a s e d e x p o 
n e n t i a l l y t o z e r o p s i g i n a b o u t 20 s e c . 
E v i d e n t l y , t h i s t i m e w a s r e q u i r e d f o r t h e 
b e l l o ' w s t o a c h i e v e t h e p r e c o n n p r e s s i o n 
c o n d i t i o n ( e . g . , t h e p r e s s u r e d i f f e r e n t i a l 
of t h e c a p i l l a r y s y s t e m a f t e r 3 s e c w a s 
a b o u t 0 . 1 2 p s i g ) . 

S i m i l a r t e s t s w e r e m a d e 

u s i n g a c h a m b e r p r e s s u r e of 50 p s i g . 

I n b o t h i n s t a n c e s , m a x i m u m c a p i l l a r y - " " ' " ° AP.psig "°° " 

s y s t e m p r e s s u r e d i f f e r e n t i a l w a s r e a c h e d 113-2042 

0 . 3 s e c a f t e r v a l v e o p e r a t i o n : - 0 . 7 p s i g n,„ 1.1 D Î  « • , <• „ ,, 
^ F = ^6 Fig. 14. Pressure Differential of Bellows 

u p o n p r e s s u r i z a t i o n , a n d + 0 . 2 7 5 p s i g u p o n system upon Depressurization of 
d e p r e s s u r i z a t i o n of t h e c h a m b e r . Chamber from 100 to Zero psig 
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B. l / 8 - in . -d i am Bellows System 

The p r imary objective was to demonstrate the workability of an 
idealized p re s su re - sens ing system whose p re s su re signals would be 
generated by a bellows sealed inside the fuel-pin cladding. Table II l ists 
the pertinent design data. A system designed for operation at 1200°F 
would require a stainless steel, nesting-ripple type bellows. (Note: Metal 
Bellows Corporation has built a limited number of units with outside diame
te r s as small as 0.112 in.). However, for initial tes ts , a nickel corrugated-
type bellows was used because it was readily attainable at a reasonable cost. 

TABLE II. Design Data for l /8 - in . -d iam Bellows System 

Bellows^ 
Convolutions Corrugated 
Material Nickel (sulfur-free) 
Inside diameter 0.075 in. 
Outside diameter 0.125 in. 
F r e e length 0.30 in. 
Effective area 0.0078 in. ' 
Spring rate 5.14 lb/in. 

P r e s s u r e Transducer 
Type CEC 4-317 strain gauge 
P r e s s u r e rating 150 psig 
Tempera ture rating 600°F 
Effective diaphragm diameter 0.5 in. 
Deflection at rated p re s su re 0.0008 in. 

Capillary Tube 
Material Type 304 SS 
Length 25 ft 
Inside diameter 0.012 in. 
Outside diameter 0.063 in. 

^Product of Servometer Corp., Clifton, N. J. 

1. Systein Assembly 

With reference to Fig. 15, the sequence of system assembly 
was as follows: 

a. Clean the capillary tube with successive 4-oz r inses of 
acetone, ethyl alcohol, and a pickling agent (12.5% HN03-2.5% HF-85% H^O). 
Flush with ethyl alcohol and dry with argon. 

b. Beam-weld one end of the capillary tube to the ups t ream 
end fitting of the bellows. Similarly weld the short length (6 in.) of the 
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NaK f lowthrough tube to the down
s t r e a m end f i t t ing of the b e l l o w s . 
(Note: It was o b s e r v e d l a t e r t ha t the 
f lowthrough tube should have a s m a l l 
I D / O D r a t i o to e n s u r e a sound p i n c h -
s e a l upon c o m p l e t i o n of the N a K -
fiUing o p e r a t i o n . ) 

c. C l e a n the w e l d e d a s s e m b l y 
a s d e s c r i b e d in s t ep a. 

TRANSDUCER 

Fig. 15. Schematic of Test Assembly of 
1/8-in.-diam Bellows System 

d. H e l i - a r c weld the t r a n s 
d u c e r wi th the d i a p h r a g m exposed to 
the i n t e r i o r of the hous ing (1 .125- in . OD, 
1 in. long) . S i m i l a r l y weld the fill tube 
( l / S - i n . OD, l / l 6 - i n . ID) l ead ing f r o m 

the NaK r e s e r v o i r to the t r a n s d u c e r hous ing . (Note: G r e a t c a r e was e x e r 
c i s ed to p r e v e n t weld c a v i t i e s . F o r e x a m p l e , al l weld jo in t s w e r e t ight and 
des igned so tha t the weld p e n e t r a t i o n gave a s m o o t h i n t e r i o r s u r f a c e . P a r t s 
to be welded and the t r a n s d u c e r d i a p h r a g m w e r e p i ck led , as in s t ep a, r i n s e d 
wi th ethyl a lcohol , and d r i e d with a r g o n . ) 

e. B e a m - w e l d the c a p i l l a r y tube to the t r a n s d u c e r a s s e m b l y 
to comple t e the s y s t e m . 

P r e p a r a t i o n s w e r e then m a d e to fill the sys tenn wi th NaK. To 
c o n s e r v e space , the c a p i l l a r y tube was r o l l e d into a 1 - f t -d i am co i l . T h r e e 
t h e r m o c o u p l e s w e r e equal ly s p a c e d a round the p e r i p h e r y of the coi l , and a 
hea t ing tape was wrapped a round the tube . T h e r m o c o u p l e s w e r e a t t a c h e d 
to the bel lows and the t r a n s d u c e r , and both conaponents w e r e w r a p p e d with 
a s ingle h e a t e r t ape . F ina l ly , the coi l , be l lows , and t r a n s d u c e r w e r e 
c o v e r e d with insu la t ion . 

2. NaK-f i l l ing P r o c e d u r e 

S e v e r a l fill ing p r o c e d u r e s w e r e c a r r i e d out be fo re e s s e n t i a l l y 
full deflect ion was o b s e r v e d on the p o t e n t i o m e t e r . With r e f e r e n c e to F i g . 15, 
the p r o c e d u r e in th is c a s e was as fol lows: 

a. P l u m b the s y s t e m . Open valve C; c l o s e va lves A and B. 

b. S t a r t the v a c u u m pump; e n e r g i z e the h e a t e r t a p e s . Hea t 
and evacua te the s y s t e m unt i l the v a c u u m gauge on the f l a sk r e a d s l e s s 
than 1 y.. (Note: A v e r a g e t e m p e r a t u r e s w e r e : t r a n s d u c e r , 475°F , c a p i l l a r y 
tube, 750 ± 50°F; be l lows , 630°F. ) 

c. C lose va lve C, and open va lve s A and B. P r e s s u r i z e the 
NaK r e s e r v o i r and backfil l the s y s t e m s lowly unt i l NaK d r o p l e t s a r e o b 
s e r v e d in the f lask. 
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d. Close valve B. Allow NaK to remain in the system at the 
p rese t tempera ture for 4 hr. Open valve B, and continue backfilling until 
4 oz of NaK (system volume) are observed in the flask. 

e. Pinch the NaK flowthrough tube. Deenergize the hea ters . 
Close valve A; open and close valve D to vent the NaK reservoi r . 

f. Cool the system to room temperature . Close valve B, 
and pinch the fill tube. 

g. Sever, clean, and seal-weld the pinched end of the flow-
through and fill tubes. 

At this time, a slight compression stroke of the bellows resulted 
in a t ransducer diaphragm deflection equivalent to 15 mV, indicative of a 
voidless fill. With previous fills, there was no evidence of deflection, even 
when the bellows was compressed to its full stroke. 

Attempts to calibrate the system were terminated because of 
bellows failure in an area adjoining the capillary tube. The failure was 
attributed to embrit t lement of the nickel during welding. 

IV. CONCLUSIONS 

Although limited in scope, the foregoing out-of-pile tests on both 
systems were successful to the extent that the principle of operation mer i t s 
further r e sea r ch and development effort. With improvements in filling 
operations and techniques, a commercially av^ lab le stainless steel bellows 
of 0.220 in. OD used in conjunction with a capillary tube of 0.012 in. ID would 
satisfy the c r i t e r i a established for LMFBR fission-gas p re s su re sensors . 
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